post-infarct patients at positions of: one-half (81 ± 31 vs. 58 ± 25 cm/s), two-thirds (89 ± 32 vs. 45 ± 15 cm/s) and 4 cm (98 ± 23 vs. 47 ± 13 cm/s) distances. The use of AV method and measurement position at one-half distance was found to be the most suitable method for assessing diastolic dysfunction given varying left ventricular sizes and inflow jet directions.
deceleration time, isovolumetric relaxation time and indices from speckle tracking echocardiography [9, 29] . However, ambiguous outcomes can be attained due to preload dependency of some of these measurements [20, 31] . This has subsequently led to the introduction of the flow propagation velocity measure, V p , as the diastolic relaxation index due to its preload-independent characteristics [11, 14, 23] .
V p refers to the propagation of the maximum velocity across specific locations during early diastole [7] . A slow V p reflects abnormal left ventricle (LV) relaxation. Conventionally, V p measurement is determined from colour M-mode Doppler (CMMD) echocardiography, as the slope of the isovelocity contour, which spreads from the mitral leaflet tips (MLT) to 4 cm distance into the LV cavity [12] . This V p determination technique has recently been validated by using phase contrast magnetic resonance imaging (PC-MRI) [2, 36] . However, this conventional V p measurement only captures LV flow in a single linear dimension, and therefore, only a single directional velocity component could be examined. Since the position of the maximum velocity across the inflow stream diameter is known to vary [19] , the use of CMMD limits the true measurement of maximum velocity, not only in healthy LVs in which flow is known to be redirected at the two-thirds of the LV site [25] but also in dilated LVs, in which swirling inflow jets had been observed [6] . Consequently, conventional V p measurement, based on the assumption that flow propagates along a single direction, is likely to be inadequate for diastolic function assessment.
As a step away from such 1-D measurement, Houlind, Schroeder [19] investigated V p using PC-MRI across several 2D measurement positions. The V p was calculated as the ratio of the distance between measurement positions (i.e. 4 cm) to the time delay, the latter referring to the time difference between the occurrence of peak velocity at each measurement position along a reference line. However, these observations were based on a single-peak velocity at the measurement position, which may be subject to measurement errors caused by noise or flow disturbances. The use of mean peak velocity as a metric may reduce the error with an appropriate orientation of the measurement position and the directional angle of the velocity components. This metric, to our knowledge, has yet to be reported in conjunction with diastolic dysfunction assessment and therefore warrants further investigation.
An additional factor that has evaded attention is the diversity of LV sizes among subject groups and populations [3] , as well as medical conditions such as LV hypertrophy [5] . V p measurements at a fixed distance of 4 cm from the MLT are likely to be made at different relative positions among individual LVs, at which very different flow patterns may prevail. As such, V p measurement at a fixed distance may not be the best choice. To date, this has yet to be scrutinized.
To overcome the aforementioned deficiencies, in this study, we sought to propose, investigate and compare the potential use of three different V p measurement methods. These methods use the mean velocity instead of point velocity along a line, vary the location of the measurement position relative to LV length and account for the orientation of the line at the measurement position. There is further a choice of which velocity component to take in relation to the line marking the measurement position. The measurement methods were validated with myocardial strain rate acquired from cardiovascular magnetic resonance feature tracking (CMR-FT), which has previously been shown to accurately assess myocardial deformation [1, 27] .
Methods

Study group
Nine post-infarct patients were recruited in this study. Exclusion criteria were unstable angina, atrial fibrillation, tachycardia (>100 bpm at rest) and moderate or worse valvular regurgitation or stenosis, as study has reported that V p could not be used as an indicator for LV relaxation in these patients [7] . Nine healthy volunteers were also recruited as healthy subjects to establish the baseline. The subject demographics are summarized in Table 1 . Inclusion criteria for healthy subjects were no 
Image acquisition
Images were acquired using a 1.5 T MRI scanner (SignaHDxt 1.5 T, GE Healthcare, WI, USA) and all subjects were lying in the supine position. An eight-channel cardiac coil was placed on the patient's chest. Four-chamber acquisition was performed with cardiac gated, multi-breath-hold fast cine phase contrast sequence which enables shorter scan times through prospective gating and segmented k-space and by retrospectively reconstructing images throughout the entire cardiac cycle. The acquisition parameters were: TR = 6.2-6.5 ms, TE = 3.2-3.5 ms, flip angle = 25°, in-plane pixel resolution = 1.37 × 1.37 mm, acquisition matrix = 256 × 256 pixels, slice thickness = 8 mm and number of cardiac time frames = 20. The temporal resolution was 25-26 ms. Velocity encoding was performed in three spatial directions with 150 cm/s maximum velocity encoding. For V p measurement validation, multi-breath-hold steady-state free precession short-axis cine image stack (repetition time, TE = 1.6 ms, echo time, TR = 3.7 ms, flip angle = 55°, number of slices = 10-15) were acquired using accelerated imaging (Array Spatial Sensitivity Encoding Technique or ASSET). A set of six multi-breath-hold LA cine images radially oriented around the centre of the LV chamber at uniform angular intervals, which contain both 2-and 4-chamber views, were also prescribed with the same acquisition parameters by using the first short-axis slice at the base for planning.
Image processing and preparation
The artefact compensation for possible phase errors and masking of random noise was performed [37] . The LV endocardial contours were manually segmented from the magnitude image of PC-MRI using Segment software (v1.9 R3216, Medviso, AB) [17] . The segmented images are further processed as described below to enable the extraction of V p . Three landmark points, i.e. the apical point and two points on the mitral edges, were marked on the modulus image during the early filling (peak E-wave), as shown in Fig. 1 . The MLT level was located via the indicated geometric construction at about 2 cm beneath the mitral edge points [19] . An 8-cm-long MLT line was drawn at this position, which was sufficient to fully span the local width of the LV chamber. Subsequently in this paper, the LV height is defined as the distance between the mid-point of the MLT line and the apex point. In addition to the conventional distance line at 4 cm depth from the mid-point of the MLT line, three other 8-cm-long distance lines were positioned at fractional heights (i.e. 1 3 , 1 2 and 2 3 ) of the LV (Fig. 1 ).
V p measurement methods
Three V p measuring techniques are suggested in this study, namely the non-adaptive (NA) method, the adaptive positions (AP) method and the adaptive vectors (AV) method. These V p measuring techniques differ in the measurement positions and the directional angle of velocity components at each measurement position. Details of the methods are elaborated below.
For all methods, the orientation of "MLT-inflow" was decided according to the inflow direction at the MLT level. This position was determined by tilting the MLT line about its mid-point, until a maximum mean velocity at peak E-wave was obtained. For this purpose, the orthogonal velocity components at each tilted MLT line were evaluated. Only the orthogonal velocity components directed towards the apex were considered, whereas velocity components in the opposite direction or back flow were excluded in the analysis. The average of orthogonal velocity components was defined as the mean forward flow, calculated according to Eq. (1): where Vn i represents the ith orthogonal velocity components directed towards the apex at each tilted MLT line and N represents the total number of velocity components. The "MLT-inflow position" was the tilted MLT line which produced the maximum mean forward flow.
Non-adaptive (NA) method
The distance lines at 1 3 , 1 2 , 2 3 and 4-cm positions from the MLT were aligned beneath and parallel to the MLT-inflow (Fig. 2a) . These oriented distance lines are referred to as measurement positions. At each measurement position, we obtained the mean forward flow from the orthogonal velocity components.
Adaptive positions (AP) method
As curved inflow jet may cause underestimation of peak velocity by using the NA method, the AP method was therefore proposed. The distance lines were aligned perpendicularly to the local direction of the inflow jet instead of being parallel to the MLT-inflow. By tilting about the mid-point of each distance line, the measurement positions were identified by searching for the angle that produced a maximum mean velocity during peak E-wave (Fig. 2b) . At each position, the mean forward flow was obtained from the orthogonal velocity components.
Adaptive vectors (AV) method
The AV method represents an alternative option to trace the nonlinear inflow jet. Similar to the NA method, the measurement positions were parallel to the MLT-inflow. However, the mean forward flow was determined by angled velocity components (details in "Appendix") that produced the maximum mean forward velocity (Fig. 2c) , instead of from the orthogonal velocity components. A notable difference of this method is that the search process for the velocity component was repeated at each diastolic phase.
V p acquisition
For all methods, the mean forward flow was computed by fixing the measurement positions in place throughout the diastolic phase. This produces a velocity-time curve, or more specifically the mean forward flow velocity across diastolic phases for each measurement position. The velocity-time curves were then fitted by using third-order polynomials. The maximum point-wise error of the velocitytime curve fitting was within 10%.
For all three methods, V p was calculated using Eq. (2):
where time delay is defined as the time difference between the E-wave peak at each measurement position and that at the MLT-inflow position. V p was to be obtained from all measurement positions and reported for all subjects.
The algorithms for calculating V p were programmed using MATLAB (vR2012a, Mathworks, Natick, MA) without optimization, on Intel(R) Core(TM) i7-2600 CPU @3.40 GHz computer. The average computation time was recorded.
Strain rate analysis using cardiovascular magnetic resonance feature tracking (CMR-FT)
CMR-FT was performed using Tissue Tracking cvi 42 (Circle, Calgary, Canada). In both short-axis and long-axis cine images, the endocardial and epicardial borders were delineated in all cardiac phases with the initial contour set at end-diastole and the contours were manually corrected where required. The myocardial strain rate was automatically calculated by the tissue tracking algorithm. As 3D myocardial deformation has better accuracy and reproducibility than 2D [30, 32] , peak 3D longitudinal isovolumic relaxation strain rate (SR IVR ) of each segment in the short-axis stack and the 6 radial long-axis images was calculated in the present study. Global 3D peak strain rates, defined as the average SR IVR during isovolumic relaxation in all LV segments were then derived and used to indicate LV relaxation [16, 21] for correlation with the proposed V p measurements. Figure 3 illustrates the impact of different LV sizes. Since the healthy volunteers and post-infarct patients had different LV sizes, the various measurement positions were located at different LV levels. For the healthy volunteer shown in Fig. 3a , the 4-cm position was located outside of the LV cavity, preventing any V p measurement to be obtained. For the post-infarct patient with mild LV dilatation (Fig. 3b) , the fixed 4 cm depth was located at the apical area where the V p is not measurable due to flow reversal. Nevertheless, for the patient with a dilated LV (Fig. 3c) , the 4 cm depth was close to the one-half measurement position, both of which were located at mid-LV and allowed V p to be quantified. For cases in which V p values could be determined, the differences seen in each V p measurement method are detailed in Fig. 4 . It shows a comparison between two post-infarct patients, each having different LV volumes, i.e. without dilated LV (EDV = 128 mL) versus with dilated LV (EDV = 300 mL). From the echocardiographic examination, both patients were diagnosed with abnormal LV relaxation and were classified in the restrictive filling group. In our further analysis of myocardial relaxation, these two patients also had abnormally low SR IVR of 1.29 and 1.31%/s, respectively. As seen in Fig. 4a , the inflow jet travelled straight down from the mitral valve towards the apex of the patient without dilated LV. All three V p measuring methods have the measurement positions as well as the velocity components for the calculation of mean forward flow directed approximately in the same path along the inflow jet. In contrast, a curved inflow jet occurs in the LV chamber of the patient with dilated LV (Fig. 4b) . Only velocity components in the AV method were able to follow the direction of the inflow jet. The patient without dilated LV demonstrated a rather consistent V p values for all measurement positions (Fig. 4c: left) . On the contrary, a fluctuating and abnormally high V p (~250 cm/s compared to an expected value of below 120 cm/s [19] ) was acquired in the patient with dilated LV by using both the NA and AP methods ( Fig. 4c: right) . For this particular patient, only the AV method produced consistently low V p values at all measurement positions. Figure 5 consolidates the analysis of V p at each measurement position using the three suggested V p measuring techniques. The NA and AP methods showed inconsistent V p values across measurement positions as evidenced by the large standard deviations and the presence of outliers (1.5× interquartile range) in both subject groups. The extremely high V p values (i.e. outliers) in Fig. 5a , b were contributed by a post-infarct patient with dilated LV, in whom the curvy inflow jet was observed. A healthy volunteer was also identified as one outlier in both the NA and the AP methods due to overestimation of V p from its slightly slanted inflow path. On the other hand, the AV method showed a more consistent trend of V p values across different measurement positions with smaller standard deviations (Fig. 5c ). Using the AV method, notable V p difference was observed between healthy volunteers and post-infarct patients at the measurement positions of one-half (81 ± 31 vs. 58 ± 25 cm/s), two-thirds (89 ± 32 vs. 45 ± 15 cm/s) and 4 cm (98 ± 23 vs. 47 ± 13 cm/s), though no statistically significant results (p < 0.05) were obtained due to the small number of subjects. Regardless of the V p measurement methods, V p at two-thirds and 4-cm measurement positions were unobtainable from 45% (4 out of 9) of post-infarct patients and 20% (2 out of 9) of healthy volunteers. Figure 6 indicates the correlation between V p values obtained from the three V p measuring techniques with SR IVR . V p values from NA and AP methods were weakly related to SR IVR (r = 0.32, p < 0.05; r = 0.29, p < 0.05) whereas the strongest correlation was found between V p values from the AV method and SR IVR (r = 0.53, p < 0.05) (Fig. 6c) .
Statistical analysis
Results
Discussion
Our results showed that V p measurements were highly dependent on the inflow jet direction (Fig. 4) . In the NA method, the measurement positions were parallel to the MLT-inflow and the mean forward flow was acquired from velocity components orthogonal to the measurement positions. However, for LVs with a curved inflow jet, the orthogonal velocity components poorly represented the nature of the inflow jet, especially at distal measurement positions (Fig. 4b: left) , causing high fluctuations in the V p values from one position to another. The AP method, on the other hand, determined the measurement positions based on the initial frame (peak E-wave), and these measurement positions were maintained throughout the diastolic phases, to obtain a consistent V p calculation (Fig. 4b: middle) . As the incoming flow has yet to reach the distal part of LV at the peak E-wave instant, the placement of measurement positions based on the peak of E-wave did not allow us to ascertain the accurate pathway of the inflow jet. This pathway only became obvious at later diastolic phases. Unlike the NA and the AP methods, the velocity components in the AV method were selected according to the direction of the inflow jet and updated at each diastolic phase (Fig. 4b:  right) ; therefore, this method was able to better track the peak velocity along the pathway of the inflow jet. Further, for the two post-infarct patients who had restrictive filling pattern, their V p values are expected to be comparable in magnitude as gauged from their SR IVR data. This expectation was corroborated only by measurements with the AV method (Fig. 4c) .
For a post-infarct patient with severe LV dilatation and restrictive filling, the V p values estimated using the NA and the AP methods were abnormally high as compared to the AV method (Fig. 3b) . As reported in a previous PC-MRI study using a larger group of patients (n = 46), the V p acquired from patients with restrictive filling was shown to have values below 120 cm/s [19] . Using this value as a reference, the NA and AP methods might have inaccurately measured the V p values and indicated erroneously normal relaxation for patients with restrictive filling. This had been further supported by our preliminary group analysis (Fig. 5) . By using the NA and AP methods, an inconsistent V p trend across the measurement positions was also observed in both groups of subjects in addition to abnormally high V p values in some of the patients. On the contrary, the AV method demonstrated a more consistent V p trend across the measurement positions and significantly differentiated the healthy group from the post-infarct patient group. This significant difference was observed at all measurement positions except at one-third of LV level. The superiority of the AV method was further supported by its strongest correlation with SR IVR (Fig. 6) , which has been used as a well-established marker for diastolic function [4, 29, 38] . In the present study, we have chosen to use SR IVR derived from CMR-FT instead of the more commonly used speckle tracking echocardiogram as the latter modality was subjected to low inter-observer reproducibility [22, 24] . Most importantly, the accuracy of CMR-FT derived strain rates has been validated against gold standard measurements such as invasive pressure measurement [18] as well as cardiac-tagged image analysis [10] .
Since LV sizes vary with cardiac health [34] and between healthy ethnic groups [3] , we had inspected V p values at a number of distances away from MLT. At the one-third measurement position, the short travelling distance of the inflow jet from the MLT produced unsteady flow propagation. This had been demonstrated by another study that the V p measured close to MLT was unable to accurately identify the diastolic dysfunction [34] . In addition to the low temporal resolution of PC-MRI, a negligible or zero time delay was frequently encountered at one-third measurement position, making the estimation of V p impossible. The conventional fixed 4 cm distance is also considered inappropriate for characterizing V p because this position could be located outside the LV of Asian subjects, unlike the LV sizes of Caucasians as reported in previous studies [3] . In addition, the inflow jet does not commonly reach the distal measurement positions, notably the 4-cm measurement position, in most of our post-infarct patients with apical infarction due to the presence of stagnant flow at the apical regions [35] . This again defeated any V p measurement. The same also happened at the two-thirds measurement position, but involving a smaller number of patients. These suggest that the one-half measurement position is more appropriate and feasible for V p determination, not only because notable difference was found between the subject groups ( Fig. 5c ), but also because the inflow jet typically passes through mid-LV [33] .
In a clinical setting, the analysis of V p using any of the methods above is a relatively fast process. Beyond the standard manual segmentation of the 4C image and determination of the MLT line which are necessary in all MRIbased methods, the automated extraction of the V p results along a given distance line took an average of only 25 s.
Limitations of this study
The results were analysed from a small number of subjects in this exploratory study. Nonetheless, we were still able to show that the inadequacy of existing V p measurements is in part attributable to individual LV discrepancies. Studies on a larger population are needed to draw more concrete conclusions about the trend of V p values using the three methods proposed. We should also note the uneven gender distribution among subject groups in our study, although gender difference had been reported to be unrelated to V p [26] . While PC-MRI has a higher spatial resolution and is less operator dependent compared to CMMD, the use of PC-MRI for V p analysis is challenged by its lower temporal resolution, which necessitates fitting of the data points. Our study only considered the in-plane velocities, which were the main flow velocity components propagating in the base-to-apex direction. The swirling flow into the LV cavity may have some out-of-plane motion. The use of four-dimensional flow imaging may be able to take this into account [8] .
Conclusions
V p measurement is not a straightforward matter because of the heterogeneity of inflow pattern and LV size between individuals, which strongly affect the availability and the interpretation of results. It will be challenging for the conventional V p measurement using CMMD to capture the intricacies found in this work. Conceivably, using multiple CMMD scans along different lines might help to compensate for the data. The use of PC-MRI is possibly a better alternative, especially in serial assessments of diastolic improvement. For patients who are unable to go through an MRI scan, the use of colour Doppler echocardiographic scan with recently developed vector flow mapping technique [13] could be an alternative. With the higher dimensional spatial-temporal data, we recommend the use of a novel AV method for a more consistent V p measurement based on mean forward flow, at the midway distance between the MLT-inflow and the apex.
3
At each angle, an in-plane unit vector τ parallel to the direction of the tilted reference line was acquired as in Eq. (3): At each pixel along the MLT-inflow or at each measurement position, the velocity component V τ parallel to the tilted reference line was evaluated according to Eq. (4): where V = (V 1 , V 2 ) is the in-plane velocity vector at the given pixel. Figure 7b further illustrates the physical interpretation of V τ = V tτ ) at the one-third measurement position. Due to the choice of the direction of the unit vector, forward flow (flow towards the apex) yields positive values for V τ . Only these were used to obtain the mean forward flow. 
